Radioresistance during radiotherapy of cervical cancer often leads to treatment failure; therefore, there is an urgent need to develop effective predictive indicators of radiosensitivity for cervical cancer patients.
Background
Cervical cancer is one of the most common malignancies in women, and it has a high mortality rate [1] . The most common treatments for cervical cancer are surgery or a combination of chemotherapy and radiotherapy [2] . Radiotherapy is usually recommended for patients who are poor surgical candidates [3] . Unfortunately, radioresistance of cervical cancer cells is the cause of most treatment failures. Predicting the radiosensitivity of cervical cancer patients is of vital importance for achieving better outcomes after comprehensive treatment by reducing the incidence of radiosensitivity [4] . Therefore, developing reliable predictive indicators for cervical cancer patients is urgently needed.
Diffusion-weighted magnetic resonance imaging (DWI), which evaluates the micro-diffusion of water molecules in tissues, has been widely used in the diagnosis of various diseases, especially for cancers [5, 6] . DWI can provide functional information before morphological changes and can be quantified as the apparent diffusion coefficient (ADC) [7] . It has been reported that ADC value is a useful index in evaluation of malignancies [8] . Recently, ADC was also shown to be a new predictor for the radiosensitivity of CC patients [9] . MicroRNAs (miRNAs) are endogenous, non-coding, small RNAs that play critical roles in tumor proliferation, progression, and metastasis [10] . Previous studies have revealed that many miRNAs participate in biological responses of cervical cancer, and miR-18a, miR-132, and miR-145 have been reported to modulate the radiosensitivity of cervical cancer cells [11] [12] [13] . Therefore, miRNAs can also be regarded as reliable predictors for cervical cancer radiosensitivity. We hypothesized that the radiosensitivity of cervical cancer can be predicted with higher accuracy using the combination of ADC and miRNAs level. To the best of our knowledge, the present study is the first to report on the function-molecular aspect of prediction of cervical cancer.
To verify our hypothesis, cervical cancer cells were collected from 40 patients who received surgical resections. The relationships between ADC values of masses before surgery and miRNAs levels of these cells were investigated. The cervical cancer cells were also used to build a xenografted tumor model to study the different radiosensitivity in vivo.
Material and Methods

Patients and samples
We enrolled a total of 40 patients with cervical cancer treated from 1 January 2015 to 1 January 2017 at the Obstetrics and Gynecology Department of Taizhou People's Hospital. These patients with cervical cancer (FIGO stage IB-IIB) received surgeries and 40 paired cervical cancer tissues and adjacent normal tissues were obtained from them. The distance between normal tissue and the cancer mass was 4-5 cm. None of these patients were subjected to preoperative chemotherapy and/ or radiotherapy. The patients provided informed consent to participate and the collection of human tissue samples was approved and supervised by the Ethics Committee of Taizhou People's Hospital.
MRI scanning
Routine MRI and DWI scanning were performed before surgery on a clinical MR scanner (Magetom Verio, Siemens, Germany). For routine MRI scanning, sequences of axial sagittal T 2 WI, axial T 1 WI, and axial T 2 WI. For axial DWI scanning, spin echo planar imaging (SE-EPI) sequence was used. The ADC values were measured on ADC maps.
Cell cultures and transfection
The cervical cancer cells isolated from the cancer tissues were cultured with Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum and penicillin-streptomycin. Low expression of miR-18a was established by gene knockdown through lentivirus vector. miR-18a-siRNA (target sequence: 5'-GGCTTTACAACGGAATGATGA-3') was used for knockdown studies. The siRNA was obtained from GenePharma (Shanghai, China) and transfected with transfection reagent (Lipofectamine 2000, Invitrogen, Carlsbad, USA) according to the manual. At 48 h after transfection, further assays were conducted.
RNA extraction and qRT-PCR
Total RNA from cancer and normal tissues were isolated with Trizol (Invitrogen) according to instructions provided in the user's manual. A NanoDrop-2000 spectrophotometer was used to confirm the quantity and quality of extracted RNA. Then, we used a cDNA synthesis kit (Thermo Scientific, Wilmington, USA) for reverse transcription according to the manufacturer's instructions. The expressions of miR-18a, miR-132, and miR-145 were detected through quantitative reverse transcription polymerase chain reaction (qRT-PCRs) using a PCR Kit (Takara, Dalian, China). The gene expression was measured using the following primers: miR-18a, 5'-GTTCCTAAGGTTCATCTAGTGCAGATA-3' (forward), 5'-CAGTGCAGGGTCCGAGGTAT-3' (reverse); miR-132, 5'-CCAGCATAACAGTCTACAGCCA -3' (forward), 5'-TATGGTTGTTCACGACTCCTTCAC-3' (reverse); miR-145, 5'-CGAGCTCAGTTGGGAAGTTACCTG-3' (forward); 5'-GCTCTAGAGAAGGTA ATAAACATTTGAA-3' (reverse); 7272 U6, 5'-CTCGCTTCGGCAGCACATA-3' (forward), and 5'-CGAATTTGCGTGTCATCCT-3' (reverse). All the reactions were carried out on a 7500 fast real-time PCR system according to the manufactures' instructions. Each sample was analyzed in triplicate.
Irradiation
Cells and cervical cancer-bearing nude mice were irradiated with 60 Co-gamma ray at different doses (dose rate: 1 Gy/min). Mice in each group received local irradiation 2 times every fourth day.
Cell viability assays
The cervical cancer cells obtained from the CC patients were divided into 4 groups according to the ADC value of tumor tissues and expression of miR-18a: (1) cells with higher ADC value (higher than the median) and higher expression of miR-18a (higher than the median); (2) cells with higher ADC value and lower expression of miR-18a (lower than the median); (3) cells with lower ADC value and higher expression of miR-18a (higher than the median); and (4) cells with lower ADC value and lower expression of miR-18a. Then, the cells were seeded in 96-well plates (1×10 4 cells/well). After 24-h incubation, the cells were irradiated at different doses from 0 Gy to 8 Gy. Then, after another 24-h incubation, cell viability was determined using standard MTT assays. The absorbances at 490 nm were measured under a multi-plate reader (Biotech, USA).
Cancer irradiation in vivo
Nude mice (female, 4 weeks old) were purchased from Beijing Huafukang Animal Center (Beijing, China) and housed under specific pathogen-free (SPF) conditions. All the animal operations were approved by the Institutional Animal Care and Use Committee of the Taizhou People's Hospital. These mice were randomly divided into 5 groups (3 mice in each group). The subcutaneous xenograft cervical cancer model was established by the subcutaneous injection of different cancer cells (cells with higher ADC value and higher expression of miR-18a; cells with higher ADC value and lower expression of miR-18a; cells with lower ADC value and higher expression of miR-18a; and cells with lower ADC value and lower expression of miR-18a). Briefly, 1×10
7 cervical cancer cells dispersed in 100 μL of phosphate-buffered saline (PBS) were subcutaneously injected into the left back of the nude mice. Two weeks later, the tumor sizes reached about 6~8 mm in diameter. Then, these cancerbearing mice were irradiated with 60 Co-gamma ray at a 6-Gy dose. Tumor-bearing mice without irradiation were regarded as controls. The tumors were monitored with calipers every other day, and tumor volumes were calculated as length×(width) 2 /2. At 11 days after irradiation, the mice were sacrificed by cervical dislocation and xenograft tumors were excised for photography.
Statistical analysis
Data are shown as the mean ±S.D. We used the t test, chisquare test, and Pearson's correlation coefficient for statistical analysis. P<0.05 was considered significant. Origin 8.5 software was used for the statistical analysis and plotting.
Results
Advanced cervical cancer showed lower ADC values
The ADC values of cervical cancer masses were measured. Figure 1 shows a typical MR image of cervical cancer. An illdefined mass with heterogenous MR intensity can be found in the cervix. The mass shows high intensity in the DW image with low ADC value for (0.73±0.14)×10 -3 mm 2 /s. Then, the relationships between ADC values and clinicopathological characteristics were evaluated ( Table 1 ). The median ADC value of tumor masses was used as the cutoff. We found that cervical cancers with more advanced stages, larger tumor size, and poorer differentiation showed lower ADC values.
ADC values are correlated with miRNA expressions
According to previous reports, several miRNAs participate in the radiosensitivity modulation of cervical cancers. In the present study, we measured the expression levels of miR-18a, miRNA-132, and miRNA-145 in tumor tissues and in normal tissues ajacent to the tumor mass. As shown in Figure 2A , the expressions of these miRNAs all were enhanced when compared with the normal control tissue. Moreover, correlation analysis showed that miR-18a (r=-0.835, p<0.001) and miR-132 (r=-0.414, p=0.008) expressions were significantly inversely correlated with ADC values in cervical cancer tissues ( Figure 2B, 2C ), but the miR-145 (r=-0.059, p=0.716) expression did not show a significant correlation with ADC values in cervical cancer tissues ( Figure 2D ). miR-18a showed a more marked negative correlation with ADC values when compared with miR-132.
Higher expression of miR-18a in cervical cancer cells leads to more radiosensitivity
To investigate the radiosensitivity of cervical cancer cells, cells were divided into 4 groups according to the ADC values of original tumor tissues and expression level of miR-18a. Then, these cells were exposed to various doses of radiation. As shown in Figure 3A , the viability of cervical cancer cells with high expression of miR-18a and low ADC values were obviously decreased in a radiation dose-dependent manner, which shows a good radiosensitivity, but the cervical cancer cells in the other 3 groups exhibited unsatisfied radiosensitivity, with slight or negligible decrease of cell viability when irradiated ( Figure 3B-3D) . When given the same radiation dose (6 Gy), the cell viability of cervical cancer cells with high expression of miR-18a and low ADC values was significantly lower than in other groups ( Figure 3E ). To further verify the role of miR-18a in the radiosensitivity of cervical cancer cells, the expression level of miR-18a was down-regulated through siRNA transfection. As shown in Figure 3F , the down-regulation of miR-18a led to a remarkable radiation resistance.
Evaluation of radiosensitivity in vivo
To further evaluate the radiosensitivity in vivo, the xenograft cervical cancer model was established by the subcutaneous injection of cancer cells from original tumor tissues with different ADC values and expression levels of miR-18a. As shown in Figure 4A and 4B, the xenograft cervical cancer model built from the cancer cells with low ADC values and high expression of miR-18a exhibited an impressive tumor inhibition after irradiation, while the tumor masses in other groups all were remarkably enlarged. 
Discussion
Recently, the morbidity and mortality rates of cervical cancer have decreased with the development of early screening and medical techniques [2, 14] . However, cervical cancer remains the third most common cancer in women, especially in the developing countries [15] . Radiotherapy that destroys cervical cancer cells by high-energy rays is a common but effective method used to treat this malignancy [4] . A recent study showed that patients who received radiotherapy were 40-90% less likely to relapse within 5 years than those who did not receive radiotherapy [16] . Unfortunately, radioresistance often results in the clinical failure of radiotherapy [3] . In the present study we developed reliable predictive indicators for cervical cancer, which is urgently needed after comprehensive treatment.
DWI technology has been widely used in the diagnosis of malignant tumors [17] . For cervical cancer, DWI can perfectly distinguish tumor tissues from normal cervical tissue [18] .
Quantitative ADC values are also used to evaluate the pathological type or grading of cervical cancer [6] . In our study, cervical cancers with more advanced stages, larger tumor size, and worse differentiation showed lower ADC values. Earlier studies indicated that ADC values can predict tumor treatments [5] , and it has been reported that ADC values obviously change in the patients with good curative response, suggesting the predictive effect of ADC values in the chemotherapy response [19] . Previous studies also demonstrated that ADC values significantly changed in the patients with satisfactory radiotherapy response, indicating that ADC values may be a reliable predictive indicator of radiosensitivity for cervical cancer patients [9] .
miRNAs can play important roles in tumor proliferation, progression, and metastasis by modulating the expression of certain target genes [20, 21] , and some of them can be regarded as reliable biomarkers for prediction of prognosis and curative response in various cancers [22] . miR-18a, miR-132, and miR-145 have been reported to affect the radiosensitivity of cervical cancer [11] [12] [13] . In the present study, we compared the expression of these miRNAs between cervical cancer tissues and normal tissues. Our results indicate that all 3 of these 
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miRNAs were up-regulated in cervical cancer tissues. In particular, miR-18a showed a more marked negative correlation with ADC values. In previous reports, miR-18a has been found to be overexpressed in bladder cancer, colon carcinoma, nasopharynx cancer, and hepatocellular carcinoma [13, 23, 24] . Some reports indicated that miR-18a can increase cellular radiosensitivity of cervical cancer. Overexpression of miR-18a suppressed the level of ataxia-telangiectasia mutated (ATM) and attenuated DNA double-strand break (DSB) repair, which re-sensitized the cervical cancer cells to radiotherapy by promoting apoptosis [10, 25] . In our research, we found that higher expression of miR-18a in cervical cancer cells resulted in more radiosensitivity. Among these cancer cells with high miR-18a expression, the cells from the cervical cancer tissues with lower 
